We consider a model that charged static spherically-symmetric black hole is surrounded by dark fluid with nonlinear equation of state p d = −B/ρ d . We find that the energy density of the dark fluid can be characterized by two parameters. The derivation of metric solution, as well as the calculation of black hole thermodynamical quantities as functions of horizon radius, are performed. Specially, in D-dimensional Einstein gravity and Gauss-Bonnet gravity cases, we plot the metric functions and corresponding thermodynamical quantities, such as mass, Hawking temperature and heat capacity, by varying the values of spacetime dimensions and dark fluid parameters. The effects of the dark fluid parameters on black hole solutions as well as on thermodynamical stability of black holes are discussed. PACS Number(s): 04.20. Cv, 04.50.Gh, 95.35.+d 
Introduction
As well known, Einstein's general relativity has been extensively tested at low energy scale [1] . However, it is expected that Einstein's theory should be modified at very high energies close to the Planck scale. String theory [2] and brane cosmology [3] strongly predict the existence of extra dimensions and therefore generalizing the gravity theory to higher dimensions seems worthwhile. Lovelock [4] introduced a theory that adds higher curvature terms to the EinsteinHilbert action in higher dimensions. It is worth to mention that the Lovelock gravity does not contain terms with more than second derivatives of metric, and thus free of ghost [5] . In four dimensions, Lovelock gravity just recovers to the general relativity; while in five dimensions, the quadratic curvature term which is known as the Gauss-Bonnet term in string theory [5, 6] , appears in the gravitational action. Some black hole solutions in Lovelock gravity theories were obtained in the literature [7] [8] [9] [10] [11] [12] [13] [14] .
At present time there are numerous observational data firmly indicating that the Universe is undergoing a phase of accelerated expansion which may be due to dark energy that is gravitationally self-repulsive. The 2018 release of Planck data about CMB power spectra and CMB lensing, in combination with BAO, show that baryon matter component is no more than 5% for total energy density, and about 95% energy density in the Universe is invisible which includes dark energy and dark matter [15] . The dominance of the dark sector over the Universe makes the study of black holes surrounded by these mysterious field important. Quintessence is a possible candidate for dark energy, which is characterized by the linear equation of state p q = wρ q , where p q is the pressure, ρ q is the energy density, and −1 < w < −1/3. Significant attention has been devoted to discussion of static spherically-symmetric black hole solutions surrounded by quintessence matter and their properties [16] [17] [18] [19] [20] [21] [22] [23] [24] , within which, Refs. [22] [23] [24] paid attention to the framework of Lovelock gravity.
With regard to the Universal dark sector, there exists another possibility that the unknown energy component is a unified dark fluid, i.e. a hybrid of dark matter and dark energy. Among the proposed unified dark fluid models, the Chaplygin gas (CG) [25] and its generalized model [26, 27] have been widely studied in order to explain the accelerating Universe [28] [29] [30] . This dark fluid has the fascinating property that it dynamically behaves as dark matter in the early time and as dark energy in the late time. In order to achieve that, the dark fluid is characterized by using an exotic nonlinear equation of state. In this paper we study the static sphericallysymmetric black holes in the presence of electrostatic field and Chaplygin-like dark fluid with the equation of state p d = −B/ρ d in the framework of Lovelock gravity, where the subscript 'd' denotes the dark fluid.
The plan of this paper is as follows. In section 2, we give a brief introduction to the Lovelock gravity. In section 3, for the dark fluid with a nonlinear equation of state in D-dimensional spacetime, we deduce its energy momentum tensor. In section 4, we study the static spherically-symmetric Lovelock spacetime in the presence of central electric charge and surrounding dark fluid, further we calculate the thermodynamical quantities corresponding to the new derived black hole solution. Black holes in D-dimensional Einstein gravity and Gauss-Bonnet gravity, as two special cases, are also studied in section 4. Section 5 gives the concluding remarks.
We use units which fix the speed of light and the gravitational constant via 8πG = c = 1, and use the metric signature (−, +, +, · · · , +).
Lovelock gravity
Lovelock gravity theories are fascinating extensions of general relativity that include higher curvature interactions. The action of the general Lovelock gravity reads
where S M represents the action for the electrostatic field and the dark fluid, since we want to model charged Lovelock black holes surrounded by dark fluid with a nonlinear equation of state in this paper. The S L in D spacetime dimension reads
with Lagrangian L
where c 0 relates to the cosmological constant Λ by c 0 = −2Λ, c k is a coupling constant, m = [(D − 1)/2] denotes the integral part of (D − 1)/2, L k is the Euler density given by
The δ symbol above denotes the totally antisymmetric product of 2k Kronecker deltas, normalized to take values 0 and 1. Here L 2 corresponds to the Gauss-Bonnet term. Varying the action in Eq. (1) with respect to the metric tensor g µν we obtain the Lovelock field equations written in terms of generalized Einstein tensor [9] The Riemann-Lovelock curvature tensor G µν is given as [9] 
It is observed that the field equations are of second order as the Lovelock gravity is the sum of dimensionally continued Euler densities.
3 Electrostatic field and dark fluid with a nonlinear equation of state in D-dimensional spacetime 
where F µν = ∂ µ A ν − ∂ ν A µ is the electromagnetic tensor. Using Eq. (9), the gauge potential is obtained as follows
where Q is an integration constant which is related to the electric charge. It is easy to show that the nonzero components of the electromagnetic tensor are
The energy-momentum tensor of electromagnetic field is
and its nonzero components, considering the electrostatic field case, are T Since we are considering static spherically-symmetric spacetime, the r − r component of the energy-momentum tensor should be equal to the t − t component, i.e.,
If one takes isotropic average over the angles,
one obtains
Considering Eqs. (16) and (18), ξ(r) and η(r) should be expressed as
with the parameters α i and β i , constrained by Eqs. (16) and (18), yielding
Thus the angular components of the energy-momentum tensor are obtained as
Along with the electrostatic field, the total energy-momentum tensor components are
4 Charged Lovelock black holes surrounded by non-linear-
EoS-dark fluid
The metric for general static spherically-symmetric spacetime in D-dimensions can be written as
where dΩ D−2 is a line element on a D − 2 dimensional hypersurface with constant scalar curvature κ = 1, 0 and −1, respectively for spherical, flat and hyperbolic spaces. We introduce F (r) as
then the components of the generalized Einstein tensor defined in Eq. (5) yield
where
with the coefficient c k defined by
Combining Eqs. (22) (23) and (26) (27) , one finds the energy density of the dark fluid satisfying the following differential equation
then one obtains
where S 2 with S > 0 is an integration constant. We observe that ρ d (r) → √ B when r → ∞, which means that the dark fluid acts like a cosmological constant very far from the black hole, and it gathers more densely as it moves toward the black hole because of the gravitation, as displayed in Fig. 1 . It's interesting to note that Eq. (30) holds in any specific Lovelock gravity theory. If we replace a Lovelock theory with another one, ρ d (r) satisfies the same differential equation. In fact, the alternation of specific Lovelock theory doesn't affect the distribution of the surrounding spacetime field, whatever it is.
By solving G t t = T t t , F (r) satisfies the following polynomial equation
The thermodynamical quantities associated with black holes can be expressed in terms of a horizon radius r h which satisfies f (r h ) = 0 in Eq. (25) , leading to The mass of the black hole in terms of the black hole horizon, by using the Eqs. (31) and (32), reads
Next we calculate thermodynamical quantities associated with black holes. The Hawking temperature associated with black holes is defined as T = K/2π, where K is the surface gravity, which leads to
which on Eq. (25), reads
with
The entropy is given by
Inserting Eq. (35) and the derivative of Eq. (33) into the above equation, the entropy becomes
which suggests that in general the Lovelock black hole surrounded by the dark fluid does not obey the area law. The heat capacity is defined as
Thus using Eqs. (33) and (35),
Thermodynamical stability of black holes is directly related to the sign of the heat capacity. The positivity of heat capacity indicates that a thermodynamic system is stable whereas its negativity implies that a thermodynamic system is unstable.
In the following, we discuss charged black holes surrounded by nonlinear-EoS-dark fluid in D-dimensional Einstein gravity and Gauss-Bonnet gravity, as two special cases.
D-dimensional Einstein black hole
In general, for D ≥ 4 and κ = 1, c k = 0 for k ≥ 2, we obtain the metric function
with M considered as the mass of a black hole, and it reduces to
when D = 4. We observe that f (r) → 1 +
when r → +∞, indicating that the asymptotic behavior of f (r) at infinity is determined by c 0 − 2 √ B. For general dimensions, we plot the f (r) function with varying values of D, S and B in Fig. 2 . One can observe that, the parameter S is liable to affect the existence and position of the black hole horizon, while the parameter B is liable to govern the existence and position of the cosmological horizon. The solutions can be classified into two types by horizon existence. The first is a black hole solution which has an inner horizon and a black hole horizon. The second solution is a globally naked solution, which does not have a black hole horizon but has a locally naked singularity. For D ≥ 4, the mass of the black hole can be written as
which is plotted in Fig. 3 . The Hawking temperature is given by
which is plotted in Fig. 4 . In this case, the entropy is proportional to the area of the event horizon
For a black hole in D-dimensional spacetime, we can calculate the heat capacity using Eq. (39), with
We plot the C function in Fig. 5 , and find that the heat capacity depends on the spacetime dimensions D, and also the dark fluid parameters S and B. For given values of D, S and B, the heat capacity diverges at some critical radius r c , where the heat capacity changes its sign. As S increases, r c gets right-shifted.
Gauss-Bonnet black hole
The Gauss-Bonnet solution is obtained when c 2 = 0 and c k = 0 for k ≥ 3. Setting κ = 1 and considering Eq. (31), we obtain two branches for the spacetime solution, which are given by with
To study the asymptotic behavior of f ± (r), we take r → ∞ and find that
which reveal that, given c 2 with positive value, f + (r) tends to anti-de Sitter spacetime, while f − (r) tends to anti-de Sitter spacetime when c 0 > 2 √ B and de Sitter spacetime when c 0 < 2 √ B. Considering that a realistic physical metric should tend to the Schwarzschild metric when there is neither cosmological constant nor gravitational sources, except a central mass, the f + (r) solution has no physical interest. Since the metric solution must be real-valued, we should consider the domain values of r such that the radicand in Eq. (47), i.e. F(r) keeps nonnegative. We note that, for given M and Q, F(r) function reaches to zero value at r = r b which was referred as 'branch singularity' in Refs. [31, 32] , leading to f − (r) well defined at the interval [r h ,+∞]. For f − (r) solutions with an inner horizon r i and a black hole horizon r h , since F(r i,h ) = (1 + 2 c 2 /r 2 i,h ) 2 whereas F(r b ) = 0, the branch singularity r b satisfies r b < r i ≤ r h .
The f − (r) solution with varying values of D, S and B is plotted in Fig. 6 . Again one can conclude that the existence and position of the black hole horizon is liable to be affected by the parameter S, while the existence and position of the cosmological horizon is liable to be controlled by the parameter B. The mass of the Gauss-Bonnet black hole is given by
which is plotted in Fig. 7 . The Hawking temperature is given by
and its behaviors are displayed in Fig. 8 .
The entropy is showing that the area law is not fulfilled.
In the case of Gauss-Bonnet gravity, the heat capacity is given by Eq. (39), where the parameters X , Y and Z are
The behavior of C is represented by Fig. 9 . We conclude that there are regions which are thermodynamically stable or unstable depending on the dimensions of the spacetime and the dark fluid parameters. In the Gauss-Bonnet gravity case, there still exist critical horizon radius r c at which the heat capacity diverges, also r c is right-shifted by larger S.
Concluding remarks
In this paper, we considered the static spherically-symmetric black hole in the presence of electrostatic field and Chaplygin-like dark fluid, in the framework of Lovelock gravity. By using the equation of state of the dark fluid p d = −B/ρ d , we obtained its energy density as function of the radial coordinate. We then solved the Lovelock gravitational equation and got a polynomial equation for F (r) = (κ − f (r))/r 2 . According to this polynomial equation, the thermodynamical quantities of the black hole, as functions of the horizon radius, were calculated. Specially, we explicitly gave the metric solutions in the D-dimensional Einstein gravity case and the Gauss-Bonnet gravity case. We found that, for given M and Q, S was more likely to affect the existence and position of the black hole horizon while B was liable to affect those of the cosmological horizon. In both cases, the black hole thermodynamical properties, with special emphasis on the mass, Hawking temperature and heat capacity, were displayed by plots with varying S and B. Concerning the stability of those black holes, we showed in figures the radial areas when heat capacity was negative and when it was positive, implying that the black holes were thermodynamically instable or stable. Our study in this paper supposed the existences of the electrostatic field and cosmological constant. However it's interesting to consider the case with only dark fluid existed. To study the behavior of the dark fluid in this case, we first set Q and c 0 in Eqs. (41) and (47) to zero values, and then display f (r) and f − (r) functions in Fig. 10 . We find that the spacetime structure of the black holes in this case is similar to that of the Reissner-Nordström-de Sitter black hole. 
